Abstract The large demand for drinking, irrigation and industrial water in the region of Torbalı (Izmir, Turkey) is supplied from groundwater sources. Almost every factory and farm has private wells that are drilled without permission. These cause the depletion of groundwater and limiting the usage of groundwater. This study investigates spatial and temporal change in groundwater quality, relationships between quality parameters, and sources of contamination in Torbalı region. For this purpose, samples were collected from 10 different sampling points chosen according to their geological and hydrogeological properties and location relative to factories, between
Introduction
Due to water importance, there have been many studies on groundwater quality in various parts of the world (Reijnders et al. 1998; Soltan 1998; Belgiorno and Napoli 2000; Umar and Ahmad 2000; Aslan et al. 2001; Kampbell et al. 2003; Tariq et al. 2004; Wakida and Lerner 2005; Hu et al. 2005; Leung and Jiao 2006) . Reijnders et al. (1998) studied groundwater quality in the Netherlands collecting samples from 600 locations. They found that NO 3 -N and aluminum concentrations were higher than the supposed standard in sandy areas. Belgiorno and Napoli (2000) investigated groundwater quality in a rural area of Italy over a 30 month period at 20 sampling points, also studying the impact of atmospheric pollution on water quality. Umar and Ahmad (2000) investigated groundwater quality in parts of Central Ganga Basin, India. They collected water samples from shallow and deep aquifers and analyzed them for major ions and trace elements. Trace element analysis of water from shallow aquifers showed that the concentration of toxic metals was above permissible limits, thus posing a health hazard, while the water from deep aquifers was comparatively free of contamination (Umar and Ahmad 2000) .
Turkey is one of the fastest growing countries in the world. Due to its rapid industrialization and urbanization, domestic, hospital and industrial wastes have become a threat to water sources in the country (Afsin 1997; Ekmekçi and Günay 1997; Kaçaroglu and Günay 1997; Karagüzel et al. 1999; Kaçaroglu 1999; Karlık and Kaya 2001; Kumbur et al. 2001; Eryurt and Sekin 2001; Polat and Yılmaz 2001; Özçelik and Sarıiz 2001; Turan et al. 2001; Baba and Ayyıldız 2006) . There have also been groundwater quality studies in parts of Izmir region, Turkey (Asaroğlu et al. 1999; Baba and Sözbilir 2001; Aslan et al. 2001) . Aslan et al. (2001) studied groundwater pollution in the Urla and Menemen areas of Izmir. Pesticides and nitrate contamination were investigated in groundwater samples, whereby it was found that nitrate concentration in some of the samples exceeded WHO (World Health Organization) limits. Asaroğlu et al. (1999) assessed groundwater quality in Buca, Konak and Narlıdere in Izmir. Groundwater samples from 15 sampling points were examined monthly for 1 year. Their study showed the existence of organic matter, nitrite, and ammonia pollution. studied groundwater quality in the city of Izmir where collecting samples from 34 locations. They found that lead and cadmium concentrations were higher than U.S. Environmental Protection Agency (US EPA 1993) standards.
The Torbalı region of Izmir is rich in terms of groundwater resources. It contains agricultural and urban areas and consequently the large demand for drinking and irrigation water is supplied from groundwater. A concentration of industrial complexes also acquires its water demands from groundwater.
Almost every factory and farm in the region has private wells, mostly drilled without permission, causing depletion of the groundwater. These, in turn, cause groundwater quality problems limiting the usage of groundwater.
The objective of this study is to determine temporal and spatial changes in groundwater quality and the relationships between quality parameters and sources of contamination in Torbalı region. For this purpose, samples were collected from 10 different sampling points chosen according to their geological and hydrogeological properties and proximity to industry. Therefore, the research encompassed a large area of Torbalı. The samples were analyzed for components such as chloride, nitrate, alkalinity, ammonia nitrogen, potassium, sodium, magnesium, calcium, chemical oxygen demand (COD), pH, electrical conductivity (EC), zinc, cadmium, chromium, copper, lead, nitrite and cyanide.
Study area
Torbalı, with an area of 600 km 2 , is one of the most industrialized urban areas in İzmir. The region has rich groundwater resources that are widely used for industrial, agricultural, and drinking purposes. There are many industries, manufacturing motor vehicles, paint, cigarettes, olive oil, textiles, marble, leather, bricks and so on.
As a surface water source, the Fetrek Creek, which is dry in summer, is located in the region. The creek has been used as a wastewater discharge point by industry for many years. In the area, there is no appropriate sewage collection system or solid waste disposal site; therefore, investigation of the water quality was essential.
In the agricultural areas of Torbalı, vegetables (peppers, celery, lettuce, leeks, etc.), grains, and fruits such as peaches and figs are grown. Pesticides and manure are used to protect and fertilize the plants, namely ammonium sulfate, CAN (calcium, ammonium, and nitrate), ammonium nitrate, triple super phosphate, diammonium phosphate, potassium nitrate, and potassium sulfate. Torbalı is also very close to İzmir Harbor and Aydın Highway; therefore, the number of industrial complexes located there is increasing steadily. All these industries need good quality water.
Geology and hydrogeology of the study area
Climate is an important factor affecting the potential for contaminant migration from a release source. Mean values for precipitation, evaporation, evapotranspiration, and estimated percolation help to determine the potential for contaminant transport. In the region, average annual rainfall is 756.6 mm, and average annual temperature is 17°C. The average rainfall in February, March, and April 2002 was measured as 55.2, 95.8, and 58 mm, respectively.
Torbalı is situated in Western Anatolia (Fig. 1) . The Mendres Massif schists and marbles constitute the basement rocks of the study area. The Kemalpaşa-Torbalı basin is a NE-SW trending depression lying on the tectonic contact between the İzmir-Ankara zone in the west and the Menderes Massif in the east. İzmir-Ankara zone cropping out in the west-horst of the basin consists of blocks of limestone and serpentinite mixed in a martix of turbiditic sandstone-shale, while the horst in the east of the basin is made up of schists intercalated with marbles of the Menderes Massif. Two main lithostratigraphic formations, namely Dereköy and Vişneli, are distinguished around the basin. The Dereköy formation is characterized by a succession of fault-controlled alluvial fan showing both fining and coarsening upward sequences. These coarse grained clastic such as sandstone deposits include some lenses of limestone bearing thin coal intercalations. In the lower part of this formation, some limestone olistolites embedded in red clastics are also observed. The Vişneli formation passes gradationary upward into the upper clastic unit. The latter is made up of fine grained lacustrine sediments which contain felsic tuff lenses. The east-bounding fault of the basin has the characteristic of a growth fault which controlled the Miocene sedimentation. The lithologic and structural properties mentioned above are the main criteria for determining the potential and quality of the groundwater in the investigated area (Baba and Sözbilir 2001) . The alluvium unit which constitutes Torbalı plain is a kind of unconfined aquifer. The amount of rainfall affects the groundwater level. The regional groundwater flow is in a north to south direction. Torbalı Fig. 1 Geological map of study area and surrounding (modified after Yılmaz et al. 2000) Plain recharges from ground and underground karst sources. The groundwater level in the area varies between 20 and 140 m. Fetrek Creek is a surface water source for the region (Şimşek and Filiz 2001) .
Materials and methods

Sampling
The procedure for collecting groundwater samples involved the following steps:
-Well evacuation (pumping) -Sampling -In-situ (or field analyses); and -Sample preservation and handling
The groundwater samples were collected using 1 L polyethylene bottles, labeled to avoid misidentification, and stored at 4°C in the refrigerator. Sample preservation was accomplished by adding a nitric acid or base as preservative to adjust pH. Preservatives were added to the container immediately after collecting the samples. Preserving samples in this way retards biodegradation, hydrolysis, precipitation, and sorption reactions.
The sample containers were thoroughly washed with HNO 3 (1+5) solution and then rinsed with deionized water before being used for collecting samples for trace elements, nitrate, nitrite, ammonia, chloride, and bicarbonate analysis. Before collecting samples for chemical oxygen demand analysis, the sample containers were washed with H 2 SO 4 solution and then rinsed with deionized water. Also, each sample container was rinsed with the groundwater sample during the sampling study. Still water in the well prior to sampling may not be representative of in-situ groundwater quality. Therefore, the still water in the well was removed. During sampling, each well was pumped for 5-10 min to prevent contamination through the pipes.
Selection of the observation wells
The following criteria were considered in the selection of the 10 observation wells to investigate the spatial and temporal change in groundwater quality and hydrogeochemical characteristics of Torbalı region:
-Distribution of the existing well locations -Geological and hydrogeological framework of the region; and -Possible contaminant source areas Figure 2 presents the location of the selected wells and Fetrek Creek. As seen in Fig. 2 , since many industries are located near Fetrek Creek, some observation wells were selected near the creek. The wells denoted W-02 and W-05 are in the industrial Fig. 2 Location of sampling points in Torbalı, Izmir area very close to Fetrek Creek. Other wells denoted W-01 and W-06 are located in the agricultural area which is also near to Fetrek Creek. Wells denoted W-03, W-04, W-07, and W-08 are located in the center of Torbalı region -some close to gas stations. The well denoted W-09 is used as a municipal water source for Torbalı and sample S-01 is from Fetrek Creek, a discharge point for industry in the area.
Experimental analysis
Spectrophotometer reagents were used for the determination of nitrate, ammonia nitrogen, nitrite and cyanide. Determination of alkalinity is based on a titration of the water sample with a strong mineral acid, used as an indicator. The Argentometric method was used for the determination of chloride (AWWA 1995) . This method is based on titration of a sample with silver nitrate. Chemical Oxygen Demand (COD) was determined by using colorimetric method (AWWA 1995) . Ca, Mg, K, Na, Cd, Cu, Cr, Pb and Zn were determined by using inductively coupled plasma atomic emission spectrometry (Varian, ICP-AES) in Izmir Institute of Technology.
Fecal and total coliforms were analyzed for well W-09, which is one of the municipal water resources in the area. The sample was analyzed within 2 h right after collection using an appropriate collection technique to analyze microorganisms.
Results and discussion
Samples were analyzed for the period October 2001 to July 2002. The results are given in Table 1 , according to which pH and EC values were generally constant during the monitoring period for all the samples. According to TS 266 (Turkish Standards (TS) 2005), pH values must be between 6.5 and 8.5. The pH values of the samples were within the limits. The wells W-01 and W-06 are used for irrigation, therefore the results of these wells were compared to irrigation water standards. The electrical conductivity (EC) is sensitive to changes in ion concentrations. In the region, EC values were also affected by the changes in ionic species especially by the increasing of bicarbonate and chloride concentration.
At well W-01, the pH and EC values were between 7.18-7.58 and 721-776 μS/cm, respectively. Calcium concentrations were about 100 mgL At well W-09, the pH and EC values were between 7.30-7.51 and 682-754 μS/cm respectively. Calcium, magnesium, sodium, potassium concentrations of the sample were within the permissible limits. HCO Chloride concentrations were constant for all samples except at wells W-02, W-05, and W-06. The chloride concentration of well W-05 decreased, but the chloride concentration of well W-06 increased with time. The permissible limit for chloride is 250 mgL −1 .
All samples did not exceed the limit except well W-02, in which the chloride concentration changed every month of the monitoring period. Well W-02 is located among textile manufacturers near Fetrek Creek. Therefore, it can be stated that the well is under threat of contamination by Fetrek Creek and/or industry. Bicarbonate concentrations of the samples changed gradually. This means that HCO À 3 concentrations of all samples increased or decreased in the same month because of rainfall. In groundwater samples only bicarbonate alkalinity exists. During analysis of the alkalinity, the color of the samples did not change with the addition of phenolphthalein. This means that the samples had only bicarbonate alkalinity and there was no carbonate or hydroxide alkalinity.
At well W-02 sodium ion concentration suddenly increased in January 2002. The well is in the field of a textile factory near the Fetrek Creek. The high values of sodium can be explained by leakage from Fetrek Creek. Chloride and sodium ion concentrations changed at the same time. This can be explained by leakage of NaCl.
According to TS 266, calcium ion concentration should not exceed 100 mgL −1 . Calcium ion concen- 
Conclusions and recommendations
In the study area, since industrial activity is growing, the population of the region is also increasing. Accordingly, the demand for water is growing and consequently water depletion increases. There are many factories in the region, nearly all of which had discharged their wastewaters into Fetrek Creek up until April 2002. The waste disposal site of the region which is near a farm has not been designed properly, so contaminants may have been infiltrating the groundwater. As a result of interactions between groundwater and geological materials, groundwater in Torbalı region has a bicarbonate alkalinity and is classified as hard water.
Agricultural contamination due to nitrates was determined in the region. The nitrate concentration of the samples increased in summer because of agricultural activities. Manures which include nitrogen compounds were also used in the summer period and therefore irrigation had caused leachate of nitrate. The wrongful use of nitrate-containing compounds in agriculture needs to be controlled, especially since the toxicity of nitrate causes methemoglobinemia in infants.
Nitrite and ammonia concentrations were found to be above drinking water standard safety limits. Also, total coliform was detected in some of the wells according to monitoring studies conducted by the Torbalı Directorate of Health.
Fetrek Creek is dry in summer and the creek bed was used by industry as a discharge point for wastewaters, a practice that continued up until April 2002. Chemical oxygen demand concentrations were higher than the permissible limits in some months during the monitoring period. This is because industrial wastewaters might have infiltrated groundwater from Fetrek Creek. Therefore, the discharge points of factories need to be strictly controlled.
Groundwater conservation areas should be ascertained as is the case for Torbalı Watershed. The consumption of manure and chemicals (insecticides, herbicides, etc.) should be limited in agricultural activities. The permissible limits must not be exceeded. Leakage from solid waste disposal areas threatens groundwater resources. There are agricultural activities and wells around the solid waste disposal site in Torbalı. Therefore, leakage should be prevented.
According to the Control of Water Pollution Regulation (Official Gazette 1988) , wells must be prevented from becoming polluted. Conservation areas of the wells must be hedged and they should be strictly controlled to prevent contamination. No settlement must exist nearby the conservation areas. Infiltration of chemicals, wastewaters, etc. must be prevented. The solid waste disposal area must be designed to prevent infiltration. According to the regulation, agricultural chemicals must be easily degradable in nature and must not accumulate in the human body when groundwater is used for drinking.
More knowledge about well construction features, conditions, and location of the well relative to water distribution, storage or treatment systems is needed to evaluate the suitability of a well for usage. Information about existing wells in Torbalı has not yet been gathered for the whole study area. Groundwater vulnerability mapping studies also need to be carried out in the area.
Surface water and groundwater can be used conjunctively. There are many advantages of groundwater storage compared to surface storage. Conjunctive use of water is cheaper than dams and reservoirs operated separately.
Protection of groundwater quantity and quality can be accomplished by controlling potential contaminant sources and by managing land use in primary recharge areas. Using knowledge of local geology and groundwater flow directions, estimates can be made of the land areas contributing recharge to a particular well or to an aquifer as a whole. Controls can then be established to ensure appropriate land use and chemical practices within the recharge areas. The best protection is provided through land acquisition. Agricultural activities and industrial applications should be controlled over the aquifer.
In this study, microbiological assessment was not applied for all the wells, therefore the question of microbiological contamination requires further studies, which may also determine pesticide contamination in the region. Sudden discharges should also be determined using advanced monitoring methods. In this study, samples were collected monthly for 10 months. However, there is a need for monitoring studies applied to the study area for a much longer duration. Therefore, this study should not be the last one of the region.
